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Reduced walking ability is one of the most important welfare concerns facing the 
commercial duck industry. This is due to the likelihood that impaired walking is 
associated with pain, and may inhibit a duck’s ability to reach needed resources, such as 
food and water. Additionally, ducks with severe walking impairments are culled from the 
flock, which poses an economic challenge for the producer. Therefore, strategies for 
evaluating reduced walking ability are important for monitoring the prevalence of 
affected ducks within a flock. Currently, gait scoring is the most popular method for 
assessing walking ability on-farm. Gait scoring requires an observer to rank walking 
ability by assigning a categorical description of walking behavior to a duck as it walks on 
a flat surface (severity of reduced walking ability increases with category number). These 
systems are criticized for being subjective and their validity is often questioned. Further, 
observed differences in gait, alone, do not indicate whether a duck’s welfare is impacted.  
To address these concerns, a treadmill performance test was developed and used 
(experiment 1, Chapter 2) to assess whether quantitative differences in performance (the 
amount of time a duck could remain walking on a treadmill) existed among ducks with 
different gait scores. Ducks with a gait score of 0 (GS 0; smooth gait, n=55), 0.5 
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(GS 0.5; labored walk without easily identifiable impediment, n=56) and 1 (GS 1; 
obvious impediment, n=59) were selected. Ducks were individually placed on the 
treadmill and allowed to walk until meeting 1 of 3 elimination criteria. In addition to 
measuring the amount of time ducks spent walking on the treadmill at a speed of 3.1 m/s, 
video was collected and later analyzed for incidences of sitting, stumbling and leaning 
behaviors. Results from the experiment showed that differences existed among all gait 
scores (P < 0.001) in regard to time spent walking. Specifically, GS0 ducks walked the 
longest (least square mean = 475 s) followed by GS0.5 (least square mean = 392 s) and 
GS1 ducks (least square mean = 287 s), respectively. No differences were found among 
gait scores in relation to counts of sitting, stumbling and leaning behaviors (all P > 0.05). 
The use of time spent walking on the treadmill as an indicator of walking ability supports 
the notion that a level of validity does exist for observed differences in gait. 
 Given the treadmill’s ability to quantify differences in walking ability, experiment 2 
(Chapter 3) utilized the treadmill performance test to investigate the association between 
reduced walking ability and Pekin duck welfare by evaluating the effect of meloxicam, a 
non-steroidal anti-inflammatory drug, on walking performance. One hundred twenty 
ducks were used for this study (60 GS0, 60 GS1) and were assigned to 1 of 3 treatments: 
1) subcutaneous injection of 0.5mg/kg meloxicam, 2) saline injection identical in volume 
to treatment 1, and 3) handling only. Ducks were individually tested on the treadmill 
using the same procedure outlined in experiment 1. No effect of meloxicam on walking 
ability was found (P > 0.05). However, gait score was associated with the amount of time 
spent walking on the treadmill (P < 0.001). Specifically, GS0 ducks walked for longer 
periods of time (least square mean = 452 s) when compared to GS1 ducks (least square 
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mean = 314 s). While the treadmill test was able to quantify differences in time spent 
walking based on gait score, no effect of meloxicam on time spent walking or interaction 
between gait score and meloxicam were found. Given the inconclusive results found in 
experiment 2, further research is needed to assess the relationship between gait score and 
Pekin duck welfare. A number of research areas that need to be addressed specifically for 
Pekin ducks are presented to guide future studies on this topic.
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CHAPTER 1.!LITERATURE REVIEW 
1.1! Abstract 
Lameness, moderately to severely impaired walking ability, is an economically important 
welfare concern that is prevalent among agricultural species. Its association with 
discomfort, reduced production, and increased culling and mortality demonstrates a need 
for valid, reliable methods of evaluation and detection. Currently, gait scoring is the most 
popular method used for evaluation and detection of walking impairments on-farm and in 
research. This is due to low cost and ease of implementation. However, concerns over 
validity and reliability have led to a push for the development of objective, quantitative 
assessment methods. Technologies such as force plates and infrared thermography, 
among others, show promise for use in objective lameness evaluation. However, costs 
associated with equipment implementation and maintenance are relatively high. The 
literature on lameness assessment methodology for horses, swine, poultry and cattle is 
reviewed. Available methods are explained and discussed in terms of their usefulness and 
areas for improvement. Two reoccurring challenges to lameness assessment, sampling 
strategy and gold standard methodology, are presented. Finally, prospects for automating 
quantitative methodology to be used on-farm are briefly discussed.  




Lameness, moderately to severely impaired walking ability, is a welfare and economic 
concern affecting many agricultural species. Within a group or flock it can affect 8.8% to 
16.9% of sows (Heinonen et al., 2006; KilBride et al., 2009), 19.7% of finishing pigs 
(KilBride et al., 2009); 14.1% to 36% of broiler chickens (Sanotra et al., 2003; Knowles 
et al., 2008) and 24.6% to 36.8% of dairy cows (Espejo et al., 2006; Barker et al., 2010; 
Leach et al., 2010). Lameness has also been identified as the most prevalent issue 
affecting horses in a statewide survey conducted in Michigan, USA (Kaneene et al., 
1997) and a national assessment conducted in the UK (Slater 2014).  
Analgesic studies have linked lameness to the presence of pain. McGeown et al. 
(1999) found that lame broilers fed carprofen, a non-steroidal anti-inflammatory drug 
(NSAID), were able to navigate an obstacle course, which included 15 cm and 20 cm tall 
plywood steps, in about half of the time as untreated birds with similar walking ability 
(see also: Danbury et al., 2000). Administration of ketoprofen (Flower et al., 2008) and 
lidocaine (Rushen et al., 2007) has been shown to improve the walking ability of dairy 
cattle and reduce the variability in the amount of weight applied to each limb. 
Improvements in walking ability have also been reported for swine (Mustonen et al. 
2011) and horses (Owens et al., 1995) following ketoprofen administration. 
Additional animal welfare concerns surround the possible impacts of decreased 
mobility on the affected animal’s ability to access key resources. Lame broilers made 
fewer visits to the feeder than birds without walking impairments; however, they spent 
more time at the resource (Weeks et al., 2002). Increasing degrees of lameness in dairy 
cows were associated with fewer visits to the feeder and decreased time spent eating 
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(Bach et al., 2007). Lying time increased with lameness severity in dairy cattle (Blackie 
et al., 2011), broilers (Weeks et al., 2000) and sows (Gregoire et al., 2013). Lame 
lactating dairy cows decreased their lying distance from the pen entrance used for 
traveling to the milking parlor (Juarez et al., 2003).  Finally, six-week-old lame broilers 
showed reduced dustbathing behavior compared to their non-lame counterparts 
(Vestergaard and Sanotra, 1999).   
Although the incidence and causes of lameness are influenced by various factors, 
including genetic strain, age, nutrition, antibiotic use, housing type and/or lighting 
schedule (Knowles et al., 2008; Butterworth and Haslam, 2009; DEFRA, 2008), the 
consistently high prevalence reported across agriculturally relevant species highlights the 
profound impacts that leg problems can have on production economics. Economic losses 
associated with lameness arise from decreased productivity, such as decreased milk yield 
(Bach et al., 2007) and fertility (Melendez et al., 2003) for dairy cows, decreased live 
weight for severely lame broiler chickens (Kestin et al., 1992), increased veterinary costs 
(Greenough, 1997), and the removal of animals from the herd or flock due to increased 
mortality or culls (Butterworth, 1999; Anil et al., 2009). Within the dairy industry, 
lameness has been estimated as the 2nd (Bennett et al., 1999) or 3rd (Enting et al., 1997) 
highest source of monetary loss, while lameness related skeletal problems have been 
estimated to be one of the highest sources of financial cost to the broiler and turkey 
industries (Bennett et al., 1999). And although the economic impacts have not been 
assessed recently for swine production, lameness has been cited as the third most 
common reason for culling of sows (Schenck et al., 2010).  
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Given the effect of lameness on animal welfare and economic earnings across 
species, the ability of a producer to identify walking problems and begin treatment or 
assess causative factors on farm is critical. However, available data suggests that 
lameness is consistently unrecognized and under-reported by producers. Alawneh et al. 
(2012) reported that 25% of the dairy cattle recognized as lame by researchers went 
unrecognized and untreated by producers. A survey conducted by Barker et al. (2010) 
showed that less than half of the contacted farmers proactively evaluated lameness in 
their herd. Further, Šárová et al. (2011) found lameness to affect 9% to 64% of cows in 
Czech dairy herds; whereas, the producers whose herds were evaluated reported a range 
of 0% to 20%. This disparity between prevalence estimates reported by producers and 
researchers indicates difficulty in recognizing lameness and demonstrates a clear need for 
valid, easy to use assessment methods.  
To aid in the discussion on improvement of lameness assessment, this paper 
reviews methods currently used on-farm and in research. It is clear that the lameness 
assessment research conducted in certain species can be beneficial for advancing 
methodology for others. Therefore, methodological research conducted with dairy cattle, 
equine, swine and poultry species is presented to encourage a multi-species perspective. 
Beginning with gait scoring systems, an explanation of each method as well as associated 
pros and cons will be discussed. Finally, two common challenges to lameness 





1.3! Common Assessment Methods 
1.3.1! Gait scoring systems 
Of available lameness detection methods, gait scoring is the most popular due to its low 
cost and ease of implementation in research and commercial farm settings, as the method 
requires no specialized equipment. Gait scoring systems are typically comprised of 3 to 6 
categories, each of which is associated with a different severity of walking impairment. 
The gait scoring categories are defined based on visually observable descriptions of the 
walking behavior, and may additionally include descriptions of body posture (Sprecher et 
al., 1997) or other measures, such as the latency to sit down (Garner et al., 2002). 
Multiple gait scoring systems have been developed for chickens (Kestin et al., 1992; 
Webster et al., 2008; Garner et al., 2002), cattle (Manson and Leaver, 1988; Sprecher et 
al., 1996), horses (Obel 1948; AAEP 2005) and pigs (Main et al., 2000; Geverink et al., 
2006; Mustonen et al., 2011).  
 Despite their popularity, gait scoring systems have been criticized for the 
subjective language used to describe gait categories (Channon et al., 2009) and for 
attempting to establish distinct categories to describe gait severity, which varies on a 
underlying continuous scale (Engel et al., 2003). Additionally, the repeatability of the 
measure, both within and between observers is often low (O’Callaghan et al., 2003; 
Channon et al., 2009; Keegan et al., 2010). These criticisms have led to the evaluation of 
visual analog scales (VAS) for use as an alternative method (Tuyttens et al., 2009; 
Viñuela-Fernández et al., 2011). Anchored by 2 to 3 words (for example: beginning 
signifying non-lame, end signifying completely lame), a line is marked by an observer to 
indicate the severity of observed lameness. Although initial evaluations of the VAS are 
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promising, additional research should be conducted across agricultural species to validate 
the method before widespread implementation. 
Whereas the reliability of gait scoring systems can be improved with training to 
reach an acceptable level (March et al., 2007), challenges such as validity and reduced 
comparability between systems remain. The development and use of multiple gait scoring 
systems with distinct categorical criteria for single species has made comparison between 
farms or published research difficult. Therefore, a shift towards developing automated 
measures of gait to quantify lameness has been recommended for use in research, on-
farm or as a method to validate gait scoring systems based on observation (Scientific 
Committee on Animal Health and Animal Welfare 2000; Weeks et al., 2002; Pastell and 
Madsen, 2008). 
1.3.2! Kinetic measurement 
Kinetic measurements of gait quantify the biomechanical forces that underlie the motion 
associated with walking. Examples include the measurement of limb forces applied to a 
force plate as the animal stands or steps forward (Corr et al., 2007; Walker et al., 2010; 
Chapinal and Tucker, 2012), vertical pressure applied by the limbs (Karriker et al., 2013), 
weight distribution asymmetry (Neveux et al., 2006; Rushen et al., 2007; Pastell and 
Kujala, 2007; Sun et al., 2011) and, in some cases, measures of body acceleration 
(Weishaupt et al., 2001; Thomsen et al., 2010). Other measures such as load rate and 
peak vertical impulse have been used to assess lameness using kinetic measurement 
methods (Oosterlinck et al., 2011; Meijer et al., 2014). 
 Force plates, pressure sensors, and accelerometers are among the most popularly 
used tools for evaluating the kinetics of gait. These can be stand-alone devices or 
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incorporated within a comprehensive system that provides kinetic and kinematic 
information. For example, a pressure pad may allow for kinetic variables as well as 
additional kinematic measures, such as stride length, stride time or step overlap (Van 
Nuffel et al., 2009; Makagon et al., 2015).  
As compared with gait scoring systems, kinetic approaches are thought to produce 
more reliable gait evaluations as output variables are based on measurable forces rather 
than descriptive definitions. However, these systems require specialized equipment, and 
are therefore, more costly and difficult to implement for on-farm use (Perino et al., 2007; 
Flower and Weary, 2009; McCracken et al., 2012). Additionally, issues such as improper 
limb placement on a force plate or inconsistent walking speed over a pressure pad can 
result in high amounts of unreliable data (Corr et al., 2007; Caplen et al., 2012). 
1.3.3! Kinematic measurement 
Kinematic measurements of gait focus on the trajectory or motion of the animal as it 
walks. This type of evaluation is often carried out using inertial sensors (Pfau et al., 2007; 
McCracken et al., 2012), reflective markers (Audigie et al., 2001), or pressure sensing 
walkways (Maertens et al., 2011; Van Nuffel et al., 2013).  Unlike kinetic measurement, 
kinematic measurement does not use biomechanical forces associated with walking to 
assess lameness. Instead, measures such as stride length (Galisteo et al., 1997; Blackie et 
al., 2011; Caplen et al., 2013; Grégoire et al., 2013), stride width (Maertens et al., 2011), 
stride and stance time, change in body center of mass (Buchner et al., 2001), lateral and 
vertical back displacement and velocity (Caplen et al., 2012) are used to describe 
differences in severity of lameness. Other, less commonly used measures, such as touch 
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and release angles have also shown promise in characterization of lameness (Pluk et al., 
2012). 
The use of kinematics to assess herds of cattle, swine, or poultry flocks regularly 
on-farm is not likely due to lack of practicality, expensive equipment and the potential 
need for extensive training due to increasingly sophisticated technology. However, use in 
a clinical or research setting on individual animals is possible. 
1.3.4! Infrared Thermography 
Infrared thermography is a non-invasive imaging technique that transmits the 
radiated surface temperature of an object into a representative image using a gradient of 
colors to depict thermal differences (Eddy et al., 2001). In the case of lameness 
assessment, color differences are often a result of changes in blood flow or inflammation 
that surround the affected area. This may be beneficial in pinpointing the source or 
potential cause of lameness.  
The method has shown promise with both horses and dairy cattle as a non-
invasive technique for detecting lameness (Eddy et al., 2001; Nikkhah et al., 2005; 
Alsaaod and Buscher, 2012) and has been used to detect pododermatitis (bumblefoot) in 
poultry (Wilcox et al., 2009), a condition that can result in reduced walking ability (Lay 
et al., 2010). Additionally, infrared thermography provides an alternative to manual 
palpation, which may improve worker safety and reduce the amount of pain experienced 
by the animal. However, differences in lameness pathology may be cause for concern 
depending on the amount and duration of inflammation. According to Cetinkaya and 
Demirutku (2012), horses with chronic lameness in a single limb had no distinguishable 
temperature differences in inflammation upon examination. This is likely due to a 
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reduction of the inflammation response after an extended period of time. Therefore, 
infrared thermography may not be helpful when assessing animals with chronic lameness 
issues. Instead, its use may be most beneficial in early detection of inflammatory 
responses, which are often correlated with lameness. 
 Infrared readings can be affected by a number of factors. Therefore, attention 
should be paid to factors such as the effect of fur or dirt on radiated surface temperature 
and thermo-neutral zone (animals should only be evaluated for lameness if they are 
within normal ranges). Additionally, the device used to collect data should be modified to 
account for proper emissivity of skin or fur, and data collection should be conducted 
under dry conditions (McCafferty, 2007; Alsaaod and Buscher, 2012). For animals kept 
in captivity, the enclosure’s temperature should reflect ideal ambient temperature for 
infrared thermography, which can often be found in user manuals for the equipment used 
to collect infrared data (ex. FLIR, 2012). Further, photos from multiple positions of 
surfaces that are not flat will help compensate for any error caused by an object’s curved 
edges (McCafferty, 2007). 
1.3.5! Behavioral correlates 
While many of the quantitative techniques depend upon larger economic investments and 
are less practical for on-farm use, behavioral methods such as the latency-to-lie technique 
(Weeks et al., 2002) require very little monetary investment while still providing 
objective measurement of walking ability. In this case, the ability of each observer to 
watch as many as 2 to 3 birds at a time makes the method feasible for evaluating a larger 
number of animals. Other behavioral correlates of lameness, such as activity budgets, 
time spent lying, standing, feeding, posture, and number of steps taken (Juarez et al., 
10 
 
2003; Blackie et al., 2011; Gregoire et al., 2013) can be evaluated using accelerometers 
or video surveillance. Deviation from a herd or animal’s normal behavior has been used 
to distinguish walking differences of animals in a number of studies (Weeks et al., 1999; 
Galindo et al., 2000; O’Callaghan et al., 2003; Aydin et al., 2013).  However, caution 
should be used when analyzing the results, as differences in behavior due to lameness can 
be confounded with factors such as season, disease state, production system, and strain. 
1.4! Reoccurring Challenges 
1.4.1! The Gold Standard 
 As new methods of lameness assessment are explored, it is critical that the 
obtained measures represent valid indicators of reduced walking ability. Therefore, 
widely accepted “gold standard” methodology is necessary for improving development 
and evaluation (Anil et al., 2009; Tuyttens et al., 2009; Thomsen et al., 2010). A variety 
of methods have been developed with varying gold standards, reducing comparability 
between studies and methods.  Gait scoring systems used as gold standards, in particular, 
present an issue with comparability due to differing categorical criteria. For example, a 
system developed using a 2-category gait scoring system as the gold standard could not 
be used interchangeably with a system developed using a 6-category gait scoring system. 
Additionally, many of the gait scoring systems developed use inter- and intra-rater 
reliability as an indicator of validity. While these concepts are related, they answer 
different questions (Martin and Bateson, 1993) regarding the accuracy of the method. 
 The use of a quantitative method, such as a force plate or inertial sensor may 
result in a more reliable and valid measurement for use as a gold standard. Desirable 
systems should consider species differences, breed, age and pathology, as they all may 
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affect behavioral expression of lameness (Short 1998; Back et al., 2007; Menzies-Gow et 
al., 2010; Kristensen and Cornou, 2011). Further, developing gold standards with animals 
serving as their own control may provide increased validity by addressing behavioral 
variability and establishing similarities between animals as lameness develops. Lifetime 
assessment may be done by evaluating animals over a long period of time or in 
conjunction with a method used to induce controlled lameness (Pluk et al., 2012; Karriker 
et al., 2013). Moving forward, standard sets of accepted methodologies should be 
established to increase comparability between newly developed assessment methods. 
1.4.2! Sampling 
Assessment of lameness prevalence in a herd or flock is commonly conducted during on-
farm animal welfare assessment (Welfare Quality 2009; PQA 2013). However, assessing 
absolute lameness prevalence is time consuming and costly for large operations (Mullan 
et al., 2009). Without prior knowledge of lameness prevalence, a commonly cited 
solution is to collect a random, representative sample by collecting birds from different 
areas in a barn, gait scoring a select number of finisher pig pens or randomly evaluating 
walking as dairy cows leave the milking parlor (Flower et al., 2006; Mullan et al., 2009; 
Main et al., 2010).  
While these strategies are commonly employed, they may not be the most 
representative, random or efficient. For example, birds selected throughout a house may 
not be random because severely lame birds congregate along the walls of confined 
housing and moderately lame birds that are still integrated within the mainstream flock 
may be less likely to escape capture, resulting in a biased estimate of prevalence 
(Marchewka et al., 2013; 2015). Other issues such as low lameness prevalence, lower 
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assessment methodology sensitivity and specificity and evaluating only a certain number 
of pens require high sample sizes to find representative estimates (Mullan et al., 2009; 
Sandilands et al., 2011; Endres et al., 2014).  
Since “random” subsampling has been unsuccessful in estimating overall 
prevalence, valid sampling strategies are needed for developing scientifically relevant 
methods of evaluating animal welfare and health (Rushen and de Passillé, 2009). For 
example, assessing the middle of the milking herd (at least 100 cows) leaving the milking 
parlor was found to be within 5% of true lameness prevalence (Main et al., 2010). 
Additionally, the presence of at least 1 severely lame cow was an indicator of a lameness 
issue (>25% of herd) in 80% of the 182 farms. Other examples include the transect 
method, commonly used for estimating wildlife populations, to evaluate lameness 
prevalence in broiler and turkey barns (Marchewka et al., 2013; 2015). In this case, 
observers walk along pre-defined paths in the barn and record instances of welfare 
measures, such as lameness, as they see them. Marchewka et al. (2015) found lameness 
estimates of turkeys to be within 2% of true lameness prevalence using the transect 
method compared to a random sampling of 100 turkeys, which was 3 times higher than 
true prevalence.  
1.5! Discussion and Conclusion 
 Lameness issues across agricultural species are an important concern in terms of 
animal welfare and economic return for the producer. Gait scoring systems, due to their 
low cost and ease of implementation, are the most popular method of evaluating lameness 
on-farm. However, they may suffer from subjectivity and can be time consuming 
depending on herd or flock size. Continued assessment of validity using quantitative 
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measures to inform categories is needed along with tests of reliability. Additionally, 
sampling strategies are needed if these systems are to be used for estimating flock and 
herd prevalence in auditing programs. 
 As the cost of increasingly sophisticated technology goes down, the introduction 
of quantitative lameness assessments on-farm may become more realistic. However, 
differences in housing, age, and production system may limit the use of some methods. 
For example, the force plate would not be a realistic option for detecting lameness 
throughout a flock of broilers, whereas it would be possible for dairy cattle moving into 
the milking parlor (Pastell and Madsen, 2008). On the other hand, technologies such as 
infrared thermography or changes in overall activity of a herd or flock may be beneficial 
for use across multiple species (Stewart et al., 2005; Dawkins et al., 2009). Future work 
in quantitative lameness assessment across species should focus on developing user-
friendly methodology for on-farm use. As much as possible, the methods should be 
economically feasible, allow for constant surveillance of overall lameness prevalence and 
should be developed in conjunction with valid gold standards to increase comparability. 
 In conclusion, lameness is likely associated with pain and reduced activity, 
potentially decreasing an animal’s ability to reach needed resources. Emphasis on 
developing valid methods for evaluating lameness improves detection. Methods capable 
of detecting early lameness onset are important for identifying lameness-causing factors 
and introducing successful mitigation strategies to reduce the number of severe lameness 




American Association of Equine Practitioners. 2005. Lameness exams: Evaluation the 
lame horse. Accessed May 2015. http://www.aaep.org/info/horse-
health?publication=836. 
 
Alawneh, J. I., R. A. Laven, and M. A. Stevenson. 2011. The effect of lameness on the 
fertility of dairy cattle in a seasonally breeding pasture-based system. J. Dairy Sci. 
94:5487-5493. 
 
Alawneh, J. I., R. A. Laven, and M. A. Stevenson. 2012. Interval between detection of 
lameness by locomotion scoring and treatment for lameness: A survival analysis. Vet. J. 
193:622-625. 
 
Alsaaod, M., and W. Büscher. 2012. Detection of hoof lesions using digital infrared 
thermography in dairy cows. J. Dairy Sci. 95:735-742. 
 
Anil, S. S., L. Anil, and J. Deen. 2009. Effect of lameness on sow longevity. J. Am. Vet. 
Med. Assoc. 235:734-738. 
 
Audigié, F., P. Pourcelot, C. Degueurce, D. Geiger, and J. M. Denoix. 2001. Kinematic 
analysis of the symmetry of limb movements in trotting horses. Equine Vet. J. Suppl. 
33:128-134. 
 
Aydin, A., A. Pluk, T. Leroy, D. Berckmans, and C. Bahr. 2013. Automatic identification 
of activity and spatial use of broiler chickens with different gait scores. T. ASABE 
56:1123-1132. 
 
Bach, A., M. Dinarés, M. Devant, and X. Carré. 2007. Associations between lameness 
and production, feeding and milking attendance of Holstein cows milked with an 
automatic milking system. J. Dairy Res. 74:40-46. 
 
Back, W., C. G. MacAllister, M. C. V. van Heel, M. Pollmeier, and P. D. Hanson. 2007. 
Vertical frontlimb ground reaction forces of sound and lame warmbloods differ from 
those in quarter horses. J. Equine Vet. Sci. 27:123-129. 
 
Barker, Z. E., K. A. Leach, H. R. Whay, N. J. Bell, and D. C. J. Main. 2010. Assessment 
of lameness prevalence and associated risk factors in dairy hers in England and Wales. J. 
Dairy Sci. 93:932-941. 
 
Bennett, R. M., K. Christiansen, and R. S. Clifton-Hadley. 1999. Direct costs of endemic 
diseases of farm animals in Great Britain. Vet. Rec. 145:376-377. 
 
Bennett, R. M., K. Christiansen, and R. S. Clifton-Hadley. 1999. Estimating the costs 
associated with endemic diseases of dairy cattle. J. Dairy Res. 66:455-459. 
15 
 
Berg, C., and G. S. Sanotra. 2003. Can a modified latency-to-lie test be used to validate 
gait-scoring results in commercial broiler flocks? Anim. Welf. 12:655-659. 
 
Bicalho, R. C., S. H. Cheong, G. Cramer, and C. L. Guard. 2007. Association between a 
visual and automated locomotion score in lactating Holstein cows. J. Dairy Sci. 90:3294-
3300. 
 
Blackie, N., J. Amory, E. Bleach, and J. Scaife. 2011. The effect of lameness on lying 
behavior of zero grazed Holstein diary cattle. Appl. Anim. Behav. Sci. 134:85-91. 
 
Brenninkmeyer, C., S. Dippel, S. March, J. Brinkmann, C. Winckler, and U. Knierim. 
2007. Reliability of a subjective lameness scoring system for dairy cows. Anim. Welf. 
16:127-129. 
 
Buchner, H. H. F., S. Obermüller, and M. Scheidl. 2001. Body centre of mass movement 
in the lame horse. Equine Vet. J. Suppl. 33:122-127. 
 
Butterworth, A. 1999. Infectious components of broiler lameness: A review. Worlds 
Poult. Sci. J. 55:345-352. 
 
Butterworth, A., and S. M. Haslam. 2009. A Lameness Control Strategy for Broiler Fowl. 
Welfare Quality® Reports No. 13. M Miele and J Roex, eds. Cardiff University, Cardiff, 
UK. 
 
Caplen, G., B. Hothersall, J. C. Murrell, C. J. Nicol, A. E. Waterman-Pearson, C. A. 
Weeks, and G. R. Colborne. 2012. Kinematic analysis quantifies gait abnormalities 
associated with lameness in broiler chickens and identifies evolutionary gait differences. 
PLoS ONE 7:e40800. 
 
Caplen, G., G. R. Colborne, B. Hothersall, C. J. Nicol, A. E. Waterman-Pearson, C. A. 
Weeks, and J. C. Murrell. 2013. Lame broiler chickens respond to non-steroidal anti-
inflammatory drugs with objective changes in gait function: A controlled clinical trial. 
Vet. J. 196:477-482. 
 
Çetinkaya, M. A.,and A. Demirutku. 2012. Thermography in the assessment of equine 
lameness. Turk. J. Vet. Anim. Sci. 36:43-48. 
 
Channon, A. J., A. M. Walker, T. Pfau, I.M. Sheldon, and A. M. Wilson. 2009. 
Variability of Manson and Leaver locomotion scores assigned to dairy cows by different 
observers. Vet. Rec. 164:388-392. 
 
Chapinal, N., A. M. de Passillé, J. Rushen, and S. Wagner. 2010. Automated methods for 




Chapinal, N., and C. B. Tucker. 2012. Validation of an automated method to count steps 
while cows stand on a weighing platform and its application as a measure to detect 
lameness. J. Dairy Sci. 95:6523-6528. 
 
Cordeiro, A. F. S., I. A. Nääs, and D. D. Salgado. 2009. Field Evaluation of broiler gait 
score using different sampling methods. Rev. Bras. Cienc. Avic.!11:149-154. 
 
Cornou, C., J. Vinther, and A. R. Kristensen. 2008. Automatic detection of oestrus and 
health disorders using data from electronic sow feeders. Livest. Sci.118:262-271. 
 
Corr, S. A., C. McCorquodale, J. McDonald, M. Gentle, and R. McGovern. 2007. A force 
plate study of avian gait. J. Biomech. 40:2037-2043. 
 
D’Eath, R. B. 2012. Repeated locomotion scoring of a sow herd to measure lameness: 
consistency over time, the effect of sow characteristics and inter-observer reliability. 
Anim. Welf. 21:219-231. 
 
Danbury, T. C., C. A. Weeks, J. P. Chambers, A. E. Waterman-Pearson, and S. C. Kestin. 
2000. Self-selection of the analgesic drug Carprofen by lame broiler chickens. Vet. Rec. 
146:307-311. 
 
Dawkins, M. S., H. Lee, C. D. Waitt, and S. J. Roberts. 2009. Optical flow patterns in 
broiler chicken flocks as automated measures of behavior and gait. Appl. Anim. Behav. 
Sci. 119:203-209. 
 
DEFRA. 2008. Dairy Cattle Lameness - Practical Solutions to a Persistent Problem. 
Accessed May 2015. http://www.vetinst.narod.ru/article/Annem.PDF. 
 
Eddy, A. L., L. M. Van Hoogmoed, and J. R. Snyder. 2001. The role of thermography in 
the management of equine lameness. Vet. J. 162:172-181. 
 
Endres, M. I., K. M. Lobeck-Luchterhand, L. A. Espejo, and C. B. Tucker. 2014. 
Evaluation of the sample needed to accurately estimate outcome-based measurements of 
dairy welfare on farm. J. Dairy Sci. 97:3523-3530. 
 
Engel, B., G. Bruin, G. Andrew, and W. Buist. 2003. Assessment of observer 
performance in a subjective scoring system: visual classification of the gait of cows. J. 
Agr. Sci.140:317-333. 
Enting, H., D. Kooij, A.A. Dijkhuizen, R. B. M. Huirne, and E. N. Noordhuizen-Stassen. 





Ferreira, V. M. O. S., N. S. Francisco, M. Belloni, G. M. Z. Aguirre, F. R. Caldara, I. A. 
Nääs, R. G. Garcia, I. C. L. Almeida Paz, and G. V. Polycarpo. 2011. Infrared 
thermography applied to the evaluation of metabolic heat loss of chicks fed with different 
energy densities. Rev. Bras. Cienc. Avic.!13:113-118. 
 
FLIR Systems. 2012. User’s Manual: T4xx Series. FLIR Systems, Inc. Wilsonville, OR. 
 
Flower, F. C., D. J. Sanderson, and D. M. Weary. 2005. Hoof pathologies influence 
kinematic measures of dairy cow gait. J. Dairy Sci. 88:3166-3173. 
 
Flower, F. C., D. J. Sanderson, and D. M. Weary. 2006. Effects of milking on dairy cow 
gait. J. Dairy Sci. 89:2084-2089. 
 
Flower, F. C., M. Sedlbaur, E. Carter, M. A. G. von Keyserlingk, D. J. Sanderson, and D. 
M. Weary. 2008. Analgesics improve the gait of lame dairy cattle. J. Dairy Sci. 91:3010-
3014. 
 
Flower, F. C., and D. M. Weary. 2009. Gait assessment in dairy cattle. Animal 3:87-95. 
 
Galindo, F., D. M. Broom, and P. G. G. Jackson. 2000. A note on possible link between 
behavior and the occurrence of lameness in dairy cattle. Appl. Anim. Behav. Sci. 67:335-
341. 
 
Galisteo, A. M., M. R. Cano, J. L. Morales, F. Miró, J. Vivo, and E. Agüera. 1997. 
Kinematics in horses at the trot before and after an induces forelimb supporting lameness. 
Equine Vet. J. 23:97-101. 
 
Garner, J. P., C. Falcone, P. Wakenell, M. Martin, and J. A. Mench. 2002. Reliability and 
validity of a modified gait scoring system and its use in assessing tibial dyschondroplasia 
in broilers. Br. Poult. Sci. 43:355-363. 
 
Greenough, P. R. 1997. Understanding herd lameness. Pages 97-105 in Proceedings of 
the Western Dairy Management Conference, Las Vegas, NV. 
 
Grégoire, J., R. Bergeron, S. D’Allaire, M. C. Meunier-Salaün, and N. Devillers. 2013. 
Assessment of lameness in sows using gait, footprints, postural behavior and foot lesion 
analysis. Animal 7:1163-1173. 
 
Hewetson, M., R. M. Christlet, I. D. Hunt, and L. C. Voute. 2006. Investigations of the 
reliability of observational gait analysis for the assessment of lameness in horses. Vet. 
Rec. 158:852-858. 
 
Hocking, P. M., R. Bernard, and M. H. Maxwell. 1999. Assessment of pain during 
locomotion and the welfare of adult male turkeys with destructive cartilage loss of the hip 
joint. Br. Poult. Sci. 40:30-34. 
18 
 
Hoffman, A. C., D. A. Moore, J. R. Wenz, and J. Vanegas. 2013. Comparison of modeled 
sampling strategies for estimation of dairy herd lameness prevalence and cow-level 
variables associated with lameness. J. Dairy Sci. 96:5746-5755. 
 
Jensen, T. B., N. P. Baadsgaard, H. Houe, N. Toft, and S. Østergaard. 2007. The effect of 
lameness treatments and treatments for other health disorders on the weight gain and feed 
conversion in boars at a Danish test station. Livest. Sci. 112:34-42. 
 
Juarez, S. T., P. H. Robinson, E .J. DePeters, and E. O. Price. 2003. Impact of lameness 
on behavior and productivity of lactating Holstein cows. Appl. Anim. Behav. Sci. 83:1-
14. 
 
Kaneene, J. B., W. A Ross, and R. Miller. 1997. The Michigan equine monitoring 
system. II. Frequencies and impact of selected health problems. Prev. Vet. Med. 29:277-
292. 
 
Karriker, L. A., C. E. Abell, M. D. Pairis-Garcia, A. Hold, G. Sun, J. F. Coetzee, A. K. 
Johnson, S. J. Hoff, and K. J. Stalder. 2013. Validation of a lameness model in sows 
using physiological and mechanical measurements. J. Anim. Sci. 91:130-136. 
 
Keegan, K. G. 2007. Evidence-based lameness detection and quantification. Vet. Clin. 
North Am. Equine Pract. 23:403-423. 
 
Keegan, K. G., E. V. Dent, D. A. Wilson, J. Janicek, J. Kramer J, A. LaCarrubba, D. M. 
Walsh, M. W. Cassells, T. M. Esther, P. Schiltz, K. E. Frees, C. L. Wilhite, J. M. Clark, 
C. C. Pollit, R. Shaw, and T. Norris. 2010. Repeatability of subjective evaluation of 
lameness in horses. Equine Vet. J. 42:92-97. 
 
Keegan, K. G., D. A. Wilson, J. Kramer, S. K. Reed, Y. Yonezawa, H. Maki, F. Pai, and 
M. A. F. Lopes. 2013. Comparison of a body-mounted inertial sensor system-based 
method with subjective evaluation for detection of lameness in horses. Am. J. Vet. Res. 
74:17-24. 
 
Kestin, S. C., T. G. Knowles, A. E. Tinch, and N. G. Gregory. 1992. Prevalence of leg 
weakness in broiler chickens and its relationship with genotype. Vet. Rec. 131:190-194. 
 
KilBride, A. L., C. E. Gulman, and L. E. Green. 2009. A cross-sectional study of the 
prevalence of lameness in finishing pigs, gilts and pregnant sows and associations with 
limb lesions and floor types on commercial farms in England. Anim. Welf. 18:215-224. 
 
Knowles, T. G., S. C. Kestin, S. M. Haslam, S. N. Brown, L. E. Green, A. Buttersworth, 
S. J. Pope, D. Pfelffer, and C. J. Nicol. 2008. Leg disorders in broiler chickens: 




Kristensen, H. H., and C. Cornou. 2011. Automatic detection of deviations in activity 
levels in groups of broiler chickens. Biosyst. Eng. 109:369-376. 
 
Lay Jr., D. C., R. M. Fulton, P. Y. Hester, D. M. Karcher, J. B. Kjaer, J. A. Mench, B. A. 
Mullens, R. C. Newberry, C. J. Nicol, N. P. O’Sullivan, R. E. Porter. 2011. Hen Welfare 
in different housing systems. Poult. Sci. 90:278-294. 
 
Leach, K. A., H. E. Whay, C. M. Maggs, Z. E. Barker, E. S. Paul, A. K. Bell, and D. C. J.  
Main. 2010. Working towards a reduction in cattle lameness: 1. Understanding barriers to 
lameness control on dairy farms. Res. Vet. Sci. 89:311-317. 
 
Maertens, W., J. Vangeyte, J. Baert, A. Jantuan, K. C. Mertens, S. De Campeneere, A. 
Pluk, G. Opsomer, S. Van Weyenberg, and A. Van Nuffel. 2011. Development of a real 
time cow gait tracking and analyzing tool to assess lameness using a pressure sensitive 
walkway: The GAITWISE system. Biosyst. Eng. 110:29-39. 
 
Main, D. C. J., J. Clegg, A. Spatz, and L. E. Green. 2000. Repeatability of a lameness 
scoring system for finishing pigs. Vet. Rec. 147:574-576. 
 
Main, D. C. J., Z. E. Barker, K. A. Leach, N. J. Bell, H. R. Whay, and W. J. Browne. 
2010. Sampling strategies for monitoring lameness in dairy cattle. J. Dairy Sci. 93:1970-
1978. 
 
Makagon M. M., R. Woolley, and D. Karcher. 2015. Assessing the waddle: An 
evaluation of a 3-point gait score system for ducks. Poult. Sci. doi:10.3382/ps/pev151. 
 
March, S., J. Brinkmann, and C. Winkler. 2007. Effect of training on the inter-observer 
reliability of lameness scoring in dairy cattle. Anim. Welf. 16:131-133. 
 
Marchewka, J., T. T. N.Watanabe, V. Ferrante, and I. Estevez. 2013. Welfare assessment 
in broiler farms: Transect walks versus individual scoring. Poult. Sci. 92:2588-2599. 
 
Marchewka, J., I. Estevez, G. Vezzoli, V. Ferrante, and M. M. Makagon. 2015. The 
transect method: a novel approach to on-farm welfare assessment of commercial turkeys. 
Poult. Sci. 94:7-16. 
 
McCafferty, D. J. 2007. The value of infrared thermography for research on mammals: 
previous applications and future research. Mamm. Rev. 37:207-223. 
 
McCracken, M. J., J. Kramer, K. G. Keegan, M. Lopes, D. A. Wilson, S. K. Reed, A. 
LaCarrubba, and M. Rasch. 2012. Comparison of an inertial sensor system of lameness 
quantification with subjective lameness evaluation. Equine Vet. J. 44:652-656. 
 
McGeown, D., T. C. Danbury, A. E. Waterman-Pearson, and S. C. Kestin. 1999. Effect 
of carprofen on lameness in broiler chickens. Vet. Rec. 144:668-671. 
20 
 
Mullan, S. W. J. Browne, S. A. Edwards, A. Butterworth, H. R. Whay, and D. C. J. Main. 
2009. The effect of sampling strategy on the estimated prevalence of welfare outcome 
measures on finishing pig farms. Appl. Anim. Behav. Sci. 119:39-48. 
 
Mullan, S., S. A. Edwards, A. Butterworth, H. R. Whay, and D. C. J. Main. 2011. Inter-
observer reliability testing of pig welfare outcome measures proposed for inclusion with 
farm assurance schemes. Vet. J. 190:e100-e109. 
 
Mustonen, K., E. Ala-Kurikka, T. Orro, O. Peltoniemi, M. Raekallio, O. Vainio, and M. 
Heinonen. 2011. Oral ketoprofen is effective in the treatment of non-infectious lameness 
in sows. Vet. J. 190:55-59. 
 
Nääs, I. A., I. C. L. A. Paz, M. S. Baracho, A. G. Menezes, L. G. F. Bueno, I. C. L. 
Almeida, and D. J. Moura. 2009. Impact of lameness on broiler well-being. J. Appl. 
Poult. Res. 18:432-439. 
 
Neveux, A., D. M. Weary, J. Rushen, M. A. G. von Kyserlingk, and A. M. de Passillé. 
2006. Hoof discomfort changes how dairy cattle distribute their body weight. J. Dairy 
Sci. 89:2503-2509. 
 
Nikkhah, A., J. C. Plaizier, M. S. Einarson, R. J. Berry, S. L. Scott, and A. D. Kennedy. 
2005. Short Communication: Infrared thermography and visual examination of hooves of 
dairy cows in two stages of lactation. J. Dairy Sci. 88:2749-2753. 
 
O’Callaghan, K. A. O., P. J. Cripps, D. Y. Downham, and R. D. Murray. 2003. 
Subjective and objective assessment of pain and discomfort due to lameness in dairy 
cattle. Anim. Welf. 12:605-610. 
 
Obel, N. 1948. Studies on the Histopathology of Acute Laminitis. Almquisst and 
Wiksells Boktryckeri, Uppsala, Sweeden. 
 
Oosterlinck, M., F. Pille, W. Back, J. Dewulf, and F. Gasthuys. 2011. A pressure plate 
study on fore and hindlimb loading and the association with hoof contact area in sound 
ponies at a walk and trot. Vet. J. 190:71-76. 
 
Pajor, E. A., J. Rushen, and A. M. B. de Passillé. 2000. Aversion learning techniques to 
evaluate dairy cattle handling practices. Appl. Anim. Behav. Sci. 69:89-102. 
 
Parkes, R. S., J. R. Newton, and S. J. Dyson. 2013. An investigation of risk factors for 
foot-related lameness in a United Kingdom referral population of horses. Vet. J. 196:218-
225. 
 
Pastell, M., and M. Kujala. 2007. A probabilistic neural network model for lameness 
detection. J. Dairy Sci. 90:2283-2292. 
21 
 
Pastell, M., and H. Madsen. 2008. Application of CUSUM charts to detect lameness in a 
milking robot. Expert Syst. Appl. 35:2032-2040. 
 
Pastell, M., L. Hänninen, A. M. de Passillé, and J. Rushen. 2010. Measures of weight 
distribution of dairy cows to detect lameness and the presence of hoof lesions. J. Dairy 
Sci. 93:954-960. 
 
Perino, V. V., C. E. Kawcak, D. D. Frisbie, R. F. Reiser, and C. W. Mcllwraith. 2007. 
The accuracy and precision of an equine in-shoe pressure measurement system as a tool 
for gait analysis. J. Equine Vet. Sci. 27:161-166. 
 
Pfau, T., J. J. Robilliard, R. Weller, K. Jespers, E. Eliashar, and A. M. Wilson. 2007. 
Assessment of mild hindlimb lameness during over ground locomotion using linear 
discriminant analysis of inertial sensor data. Equine Vet. J. 39:407-413. 
 
Pluk, A., C. Bahr, A. Poursaberi, W. Maertens, A. van Nuffel, and D. Berckmans. 2012. 
Automatic measurement of touch and release angles of the fetlock joint for lameness 
detection in dairy cattle using vision techniques. J. Dairy Sci. 95:1738-1748. 
 
Poursaberi, A., C. Bahr, A. Pluk, A. Van Nuffel, and D. Berckmans. 2010. Real-time 
automatic lameness detection based on back posture extraction in dairy cattle: Shape 
analysis of cow with image processing techniques. Comput. Electron. Agr. 74:110-119. 
 
Rushen, J., E. Pombourcq, and A. M. de Passillé. 2007. Validation of two measures of 
lameness in diary cows. Appl. Anim. Behav. Sci. 106:173-177. 
 
Rushen, J., and A. M. B. de Passillé. 2009. The scientific basis of animal welfare 
indicators. Pages 391-417 in Welfare of Production Animals: Assessment and 
Management of Risks, Vol. 5. Smulders, F. J. M. and B. Algers, eds. Wageningen 
Academic Publishers, Wageningen, the Netherlands. 
 
Sandilands, V., S. Brocklehurst, N. Sparks, L. Baker, R. McGovern, B. Thorp, and D. 
Pearson. 2011. Accessing leg health in chickens using a force plate and gait scoring: how 
many birds is enough? Vet. Rec. 168:77. 
 
Sanotra, G. S., J. D. Lund, A. K. Ersbøll, J. S. Petersen, and K. S. Vestergaard. 2001. 
Monitoring leg problems in broilers: a survey of commercial broiler production in 
Denmark. Worlds Poult. Sci. J. 57:55-69. 
 
Šárová, R., I. Stěhulova, P. Kratinová, P. Firla, and M. Špinka. 2011. Farm managers 
underestimate lameness prevalence in Czech dairy herds. Anim. Welf. 20:201-204. 
 
Savory, C. J., R. McGovern, and V. Sandilands. 2004. Objective assessment of broiler 
walking style using a force plate. Page 300 in Measuring and auditing broiler welfare. 
Weeks CA and Butterworth A, eds. CAB International, Wallingford, Oxfordshire, UK. 
22 
 
Schenck, E. L., J. N. Marchant-Forde, and D. C. Lay Jr. 2010. Sow Lameness and 




Schmidt, M., K. H. Lahrmann, C. Ammon, W. Berg, P. Schön, and G. Hoffmann. 2013. 
Assessment of body temperature in sows by two infrared thermography methods at 
various body surface locations. J. Swine Health Prod. 21:203-209. 
 
Schobesberger, H., and C. Peham. 2002. Computerized detection of supporting forelimb 
lameness in the horse using an artificial neural network. Vet. J. 163:77-84. 
 
Short, C. E. 1998. Fundamentals of pain perception in animals. Appl. Anim. Behav. Sci. 
59:125-133. 
 
Scientific Committee on Animal Health and Animal Welfare. 2000. The welfare of 
chickens kept for meat production (broilers). European Commission. Health and 
Consumer Protection Directorate-General.  
 
Slater, J. 2014. National Equine Health Survey (NEHS) 2014. Accessed on November 
24th, 2014 from http://bluecross.org.uk/files/nehs-report-may-2014.pdf. 
 
Sprecher, D. J., D. E. Hostetler, and J. B. Kaneene. 1997. A lameness scoring system that 
uses posture and gait to predict dairy cattle reproductive performance. Theriogenology 
47:1179-1187. 
 
Stewart, M., J. R. Webster, A. L. Schaefer, N. J. Cook, and S. L. Scott. 2005. Infrared 
thermography as a non-invasive tool to study animal welfare. Anim. Welf. 14:319-325. 
 
Stokes, J. E., K. A. Leach, D. C. J. Main, and H. R. Whay. 2012. An investigation into 
the use of infrared thermography (IRT) as a rapid diagnostic tool for foot lesions in dairy 
cattle. Vet. J. 193:674-678. 
 
Sun, G., R. F. Fitzgerald, K. J. Stadler, L. A. Karriker, A. K. Johnson, and S. J. Hoff. 
2011. Development of an embedded microcomputer-based force plate system for 
measuring sow weight distribution and detection of lameness. Appl. Eng. Agric. 27:475-
482. 
 
Thomsen, M. H., A. T. Jensen, H. Sørensen, C. Lindegaard, and P. H. Andersen. 2010. 
Symmetry indices based on accelerometric data in trotting horses. J. Biomech. 43:2608-
2612. 
 
Tuyttens, F. A. M., M. Sprenger, A. Van Nuffel, W. Maertens, and S. Van Dongen. 2009. 
Reliability of categorical versus continuous scoring of welfare indicators: lameness in 
cows as a case study. Anim. Welf. 18:399-405. 
23 
 
Van Amstell, S. 2011. Lower leg lameness in swine. Pages 342-344 in NAVC 
Conference Proceedings, Orlando, FL. 
 
Van Nuffel, A., M. Sprenger, F. A. M. Tuyttens, and W. Maertens. 2009. Cow gait scores 
and kinematic gait data: can people see gait irregularities? Anim. Welf. 18:433-439. 
 
Van Nuffel, A., J. Vangeyte, K. C. Mertens, L. Pluym, S. De Campeneere, W. Saeys, G. 
Opsomer, and S. Van Weyenberg. 2013. Exploration of measurement variation of gait 
variables for early lameness detection in cattle using the GAITWISE. Livest. Sci. 156:88-
95. 
 
Vestergaard, S., and G. S. Sanotra. 1999. Relationships between leg disorders and 
changes in the behaviour of broiler chickens. Vet. Rec. 144:205-209. 
 
Viazzi, S., C. Bahr, A. Schlageter-Tello, T. Van Hertem, C. E. B. Romanini, A. Pluk, I. 
Halachmi, C. Lokhorst, and D. Berckmans. 2013. Analysis of individual classification of 
lameness using automatic measurement of back posture in dairy cattle. J. Dairy Sci. 
96:257-266. 
 
Viñuela-Fernández, I., E. Jones, M. E. Chase-Topping, and J. Price. 2011. Comparison of 
subjective scoring systems used to evaluate equine laminitis. Vet. J. 188:171-177. 
 
Walker, A. M., T. Pfau, A. Channon, and A. Wilson. 2010. Assessment of dairy cow 
locomotion in a commercial farm setting: The effects of walking speed on ground 
reaction forces and temporal and linear stride characteristics. Res. Vet. Sci. 88:179-187. 
 
Webster, A. B., B. D. Fairchild, T. S. Cummings, and P. A. Stayer. 2008. Validation of a 
three-point gait-scoring system for field assessment of walking ability of commercial 
broilers. J. Appl. Poult. Res. 17:529-539. 
 
Weeks, C. A., T. D. Danbury, H. C. Davies, P. Hunt, and S. C. Kestin. 2000. The 
behaviour of broiler chickens and its modification by lameness. Appl. Anim. Behav. Sci. 
67:111-125. 
 
Weeks, C. A., T. G. Knowles, R. G. Gordon, A. E. Kerr, S. T. Peyton, and N. T. 
Tilbrook. 2002. New method for objectively assessing lameness in broiler chickens. Vet. 
Rec. 151:762-764. 
 
Weishaupt, M. A., T. Wiestner, H. P. Hogg, P. Jordan, J. A. Auer, and E. Barrey. 2001. 
Assessment of gait irregularities in the horse: eye vs. gait analysis. Equine Vet. J. 33:134-
140. 
 
Wilcox, C. S., J. Patterson, and H. W.  Cheng. 2009. Use of thermography to screen for 
subclinical bumblefoot in poultry. Poult. Sci. 88:1176-1180. 
24 
 
Willgert, K. 2011. The welfare and economic impacts of lameness in sows in England. 
Accessed Nov. 2014. http://www.fao.org/fileadmin/user_upload/animalwelfare 
/TheeconomicandwelfareimpactoflamenessinsowsinEngland.pdf. 
 
Zhao, Y., H. Xin, and B. Dong. 2013. Use of infrared thermography to assess laying hen 




CHAPTER 2.!  DEVELOPMENT OF A TREADMILL PERFORMANCE TEST FOR 
QUANTITATIVE LAMENESS ASSESSMENT OF PEKIN DUCKS 
2.1! Abstract 
 Gait scoring is the most popular method for assessing the walking ability of meat-type 
poultry species. Although it is inexpensive and easy to implement, gait scoring systems 
are often criticized for being subjective. To assess whether observable differences in 
Pekin duck walking ability (identified using a gait scoring system) translated to 
differences in walking performance, I developed a treadmill performance test. One 
hundred eighty ducks were selected using a 3-category gait scoring system (GS 0 = 
smooth gait, n=55; GS 0.5 = labored walk without easily identifiable impediment, n=56; 
GS 1 = obvious impediment, n=59). Within each gait score category, the amount of time 
individual ducks were able to sustain walking on a treadmill at a speed of 0.31m/s was 
evaluated. The walking test ended when the duck met 1 of 3 elimination criteria: 1) the 
duck walked for a maximum time of 10 min; 2) the duck required support from the 
observer’s hand for more than 3 s in order to continue walking on the treadmill, or 3) the 
duck sat down on the treadmill and made no attempt to stand despite receiving assistance 
from the observer. Data were analyzed in SAS 9.4 using PROC GLM. As gait score 
improved, time spent walking increased (P < 0.05). Correlates of walking performance 
were additionally investigated. Video recorded during the treadmill test was analyzed for 
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counts of sitting, standing, and leaning behaviors. Data were analyzed in SAS 9.4 using a 
negative binomial model for count data. No differences were found between gait scores 
and counts of sitting, standing and leaning behaviors (P > 0.05).  Despite this, the amount 
of time spent walking on the treadmill was an effective measurement for quantifying 
Pekin duck walking ability and could be valuable for assessing the development of 
walking issues, effectiveness of treatment, or as a tool for selection of leg health. 
 
Key words: leg health, White Pekin, duck, gait score, treadmill 
27 
 
2.2! Introduction 1 
Poor walking ability presents a number of animal welfare and economic concerns for 2 
producers of meat-type poultry species. The inability to locomote is associated with pain, 3 
discomfort, and difficulty reaching needed resources such as food and water (McGeown, 4 
1999; Weeks et al, 2000; Danbury et al, 2002). Ultimately, these concerns may lead to 5 
increased culling from the flock, as welfare guidelines recommend removal and humane 6 
euthanasia of poultry with severe lameness (Maple Leaf Farms Duck Well-Being 7 
Guidelines, 2012). Gait scoring is the most popular method used to evaluate reduced 8 
walking ability of poultry species (Mench, 2004). The method is inexpensive, easy to 9 
implement, and can be used to assess a large number of birds in a relatively short period 10 
of time. However, the meaningfulness of gait scoring systems is often questioned 11 
reflecting concerns about its reliability and validity (Farm Animal Welfare Council, 12 
1992). As a result, the development of quantitative methodologies for measuring walking 13 
ability has been cited as a needed area of research for assessing and understanding 14 
impaired mobility in poultry species (Scientific Committee on Animal Health and 15 
Welfare, 2000).  ! 16 
The concern for reliability and validity of gait scoring systems often communicated 17 
within the broiler literature also extends to Pekin ducks. Karcher et al. (2013) noted that 18 
there is a general lack of information on normal duck gait (see Campbell et al, 2014 for 19 
one description). Additionally, the authors suggested that a duck has an increased 20 
motivation to distance itself from the gait-scoring observer, which may bias the results of 21 
an assessment. In an effort to address these concerns, one study used a pressure pad to 22 
assess whether gait definitions translated to quantifiable changes in duck gait parameters 23 
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(Makagon et al, 2015). The relative amount of pressure exerted by each leg as well as 24 
distance traveled over 4 steps were less in ducks with poor walking ability as compared 25 
to those with good walking ability lending support to the gait system’s validity. However, 26 
the study did not assess whether differing gait scores (and related gait structures) 27 
translated to quantifiable differences in walking performance. 28 
To build upon the work of Makagon et al. (2015), the present study used a 29 
treadmill performance test to measure the amount of time ducks with differing gait scores 30 
(Table 1) were able to remain walking at a moderate pace. Given the increase in energy 31 
expenditure associated with compromised walking ability (Waters and Mulroy, 1999), we 32 
hypothesized that ducks with poor walking ability would walk for shorter periods of time 33 
compared to ducks with good walking ability. In addition, we hypothesized that counts of 34 
sitting, stumbling, and leaning on the enclosure would occur more frequently in response 35 
to a labored gait. Weeks et al. (2000) reported reduced activity in broilers with reduced 36 
walking ability, possibly due to pain or poor balance. 37 
In addition to ducks with good walking ability (GS 0) and poor walking ability 38 
(GS 1), an intermediate gait scoring category of GS 0.5 was added to the gait scoring 39 
system used to select ducks for the present study (see Table 1 for gait definitions). 40 
According to Tuyttens et al. (2009), thresholds placed on gait scoring categories are often 41 
arbitrary and subject to loss of valuable information if an observer is able to differentiate 42 
among more “categories” than the scale will allow. Therefore, The GS 0.5 ducks, defined 43 
as having “a slightly uneven or stiff gait, but no obvious limp,” were included to assess 44 
whether ducks that did not definitively fit into the good walking (GS 0) or poor walking 45 
(GS 1) categories performed intermediately to GS 0 and GS 1 ducks in terms of time 46 
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spent walking and counts of sitting, stumbling, and leaning on the treadmill. If the 47 
treadmill performance test was able to discern among the 3 gait scores, the results would 48 
provide further evidence supporting the use of the gait scoring system in commercial 49 
settings. Additionally, the measured differences would lend support for the treadmill 50 
method as a benchmarking tool for developing an improved gait scoring system. 51 
2.3! Materials and Methods 52 
The experimental protocol was approved by the Purdue Animal Care and Use 53 
Committee (PACUC # 1404001059). 54 
2.3.1! Birds and Facilities 55 
The study was conducted over the course of 6 d during August and October of 56 
2014. The 180 ducks used for the study were 30 to 31d of age, straight run and single 57 
strain (Y cross). All ducks were raised in tunnel-ventilated facilities on plastic slatted 58 
flooring in flocks of approximately 5,400 ducks. Feed and water were provided ad 59 
libitum via automated pan feeder and nipple drinker systems.  60 
The ducks were selected for their walking ability using the gait scoring system 61 
presented in Table 2.1. This system was modified from the 3-point gait scoring systems 62 
previously used for scoring ducks (e.g., Jones and Dawkins, 2010; Karcher et al., 2013; 63 
Makagon et al., 2015). The GS 0.5 (awkward walk with difficulty in identifying 64 
impediment) category was added to further delineate the separation between ducks with 65 
GS 0 (smooth gait) and ducks with GS 1 (obvious impediment). The GS 2 (unable to 66 
sustain a walk) category was excluded as, by definition, these ducks would have been 67 
unable to walk on a treadmill. One hundred eighty ducks, 60 of each gait score (GS 0, GS 68 
0.5, GS 1), were included in the study. Ducks were selected from the commercial flocks 69 
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in groups of 10, with each gait score represented by 3 or 4 birds. The selected birds were 70 
marked by gait score using different colored nontoxic markers and placed in a holding 71 
pen within the barn. All ducks in the group were tested before the next group was 72 
selected. 73 
2.3.2! Treadmill Performance Test 74 
A treadmill (Body Solid T-50; Body-Solid Inc., Forest Park, IL) designed for 75 
human use with a speed range of 0.04 to 2.2 m/s (0.1 to 5.0 mph) was used. The walking 76 
surface (45 cm x 129.5 cm) was surrounded by a custom built wood and plexiglass 77 
enclosure (Figure 2.1). The enclosure featured a plywood wall, which helped decrease 78 
exposure to disturbances that could have affected the duck’s performance (such as a 79 
person walking by). Plexiglass covered the front and other side of the treadmill and the 80 
top of the treadmill was left open, allowing light to enter. The control console was placed 81 
behind the treadmill allowing the observer to change settings without distracting the 82 
tested bird. A mirror placed at the front of the treadmill was used to keep the duck’s 83 
attention and encourage it to walk forward.  84 
The treadmill performance test consisted of 5 phases. A duck was randomly 85 
chosen from the group of 10 gait scored ducks (group selected immediately prior to 86 
testing), placed on the treadmill, and allowed 30 s to acclimate (phase 1). The treadmill 87 
was then set to a speed of 0.13m/s (0.3 mph) for 30 s (phase 2). During this time, the 88 
observer was allowed to use his hand and voice to gently encourage the duck to walk 89 
forward. This procedure was followed by a 15 s period at 0.22m/s (0.5mph; phase 3) and 90 
15 s at 0.31m/s (0.7mph; phase 4). During these phases, the observer was only allowed 91 
use of his voice for encouragement. In the final phase, the treadmill speed of 0.31m/s 92 
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(0.7mph) was maintained, but the observer was no longer allowed to provide 93 
encouragement and moved out of the duck’s sight. 94 
 The amount of time each duck spent walking on the treadmill at the maximum 95 
speed of 0.31m/s was recorded. The trial ended when the tested duck satisfied 1 of 3 96 
elimination criteria: 1) the duck fell behind the “cut-off” marker, comprised of a set of 97 
hanging beads located 30.5 cm from the end of the treadmill, and required the support of 98 
the observer’s hand for more than 3 s to continue walking, 2) the duck lied down on the 99 
treadmill and glided to the end of the treadmill without making an attempt to stand, or 3) 100 
the duck walked for 600 s (10 min), the maximum allotted time per trial. Ducks who 101 
made no attempt to walk at the beginning of the test (n=10) were removed from the 102 
treadmill and replaced by a duck from the flock with the same gait score. Following the 103 
trial, ducks were weighed and placed back into the flock. This procedure was repeated for 104 
a total of 30 ducks per d, with the evaluation of each group of 10 lasting no longer than 2 105 
h. 106 
2.3.3! Statistical Analysis 107 
A balanced incomplete block design was used with 2-h time periods (the time 108 
allotted for each group of 10 ducks to be tested) serving as blocks. As outlined above, 109 
each block consisted of 10 ducks with differing gait scores (0, 0.5, and 1).  Over the 110 
course of 6 d, 10 treadmill performance tests ended before meeting 1 of the elimination 111 
criteria (for example, a duck running off the end of the treadmill during the test). These 112 
ducks (1 GS 1, 4 GS 0.5 and 5 GS 0) were removed from the data set. Statistical analysis 113 
was conducted using a general linear model in SAS (Version 9.4, SAS Institute, Cary, 114 
NC, USA). To confirm the best fitting model, the GLM SELECT variable selection 115 
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method was used. Time block, d, gender, gait and BW were tested as explanatory 116 
variables for time spent walking. Of these, the procedure selected gait and BW as the 117 
only independent variables for use in the model. None of the interactions were found to 118 
be significant and were, therefore, taken out of the model. Time spent walking (s) by each 119 
duck was used as the dependent variable; whereas, gait (0, 0.5 and 1) and BW (kg) were 120 
investigated as independent variables. BW was treated as a covariate in the model. 121 
Tukey’s multiple comparison test was used to assess differences between treatment 122 
groups (Lawson, 2010). 123 
2.3.4! Behavioral Correlates Associated with Walking Ability.  124 
Behavioral data were transcribed from videos recorded during the treadmill 125 
performance test using a Sony HD camera (HDR-CX190; Sony Corporation, Tokyo, 126 
Japan) positioned approximately 91 cm behind the end of the treadmill. Continuous 127 
observations were used to calculate the number of times each duck stumbled (defined as 128 
losing its balance but resuming walking before its belly touches the tread surface), sat 129 
down on the treadmill walkway (defined as the belly of the duck touching the tread 130 
surface, legs no longer moving) or leaned on the enclosure (defined as making contact 131 
with 1 wall of the treadmill enclosure while continuing to walk). A negative binomial 132 
model for count data in SAS 9.4 was used for statistical analysis. Counts of stumbling, 133 
sitting, and leaning were individually treated as predictor variables of gait score with time 134 




2.4! Results 137 
2.4.1! Treadmill Performance Test 138 
Gait score was associated with time spent walking on the treadmill (P < 0.001). 139 
Gait score 0 ducks walked for the longest amount of time followed by GS 0.5 ducks and 140 
GS 1 ducks with least square means of 475, 392, and 288 s, respectively (all comparisons 141 
P < 0.05, Figure 2.2).  Heavier birds tended to walk for shorter periods of time compared 142 
to lighter birds within their respective gait scoring categories (P = 0.007).  143 
2.4.2! Behavioral Correlates Associated with Walking Ability 144 
No effect of gait score on counts of sitting, stumbling, or leaning was found (all P 145 
> 0.05, Figure 2.3 through 2.5). Increased time spent walking was associated with 146 
increased leaning count (P < 0.001, Figure 2.6). 147 
2.5! Discussion 148 
In agreement with our hypothesis, the amount of time spent walking decreased as 149 
gait score worsened (P < 0.001). Therefore, the treadmill performance test was successful 150 
in quantifying differences in gait score categories based on walking performance. This 151 
result lends support to the work of Makagon et al. (2015), which showed that the 3-point 152 
gait score system for ducks translates to quantifiable measurements of gait structure. 153 
Specifically, increased or poorer gait score was associated with lowered BW, decreased 154 
distance traveled in a predetermined number of steps, and increased difference in applied 155 
pressure between the left and right leg (indicating an increasingly pronounced limp 156 
compared to the other gait scores assessed). 157 
Despite quantitative differences in gait score based on time spent walking, no 158 
associations were found between gait score and sitting, stumbling, or leaning behaviors. 159 
34 
 
Previous studies evaluating broiler chicken activity budgets noted decreased walking and 160 
standing behaviors in chickens with poor walking ability, possibly due to discomfort and 161 
an increase in the physical demand needed to perform those behaviors compared to lying 162 
(Weeks et al., 2000). Sitting and stumbling behaviors during the treadmill performance 163 
could be expected to occur as a result of discomfort or an increased physical demand 164 
required for continuous walking. However, average counts of sitting and stumbling were 165 
low across gait scoring categories. One possible reason for this may be due to the duck’s 166 
motivation to distance itself from the observer, as improved gait or mobility has been 167 
shown in response to novel stressors (Gentle and Corr, 1995). Similar to sitting and 168 
stumbling behaviors, leaning bouts on the enclosure were not different among gait scores. 169 
The increase in leaning bouts as walking time increased may have been due to fatigue. 170 
An intermediate gait score of 0.5 was added to the gait scoring system for 171 
describing ducks that did not fit into the other gait scoring categories (GS 0 and GS 1). 172 
These ducks, described as having an uneven and stiff gait but no immediately obvious 173 
walking impairment, walked on the treadmill for longer amounts of time compared to GS 174 
1 ducks and shorter amounts of time compared to GS 0 ducks. This result indicates that 175 
the current 3-point system of GS 0, GS 1, and GS 2 may be over-simplified and could 176 
limit the amount of information that is available for evaluating and diagnosing 177 
impairment issues (Knierim and Winckler, 2009; D’Eath, 2012). The optimization of 178 
current gait scoring methods to accurately reflect quantitative differences could improve 179 
our understanding of walking impairment in Pekin ducks. For example, it is possible that 180 
GS 0.5 ducks may be more susceptible to developing severe gait issues later in the life 181 
cycle compared to GS 0 ducks. Therefore, a gait scoring system that uses the GS 0.5 182 
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score may enable researchers to successfully identify risk factors, causes, or intervention 183 
strategies before the lameness is pronounced to prevent progression of walking 184 
impairment. 185 
Using the amount of time spent walking on the treadmill as a measure of walking 186 
ability, the treadmill performance test shows promise for use in a number of capacities. 187 
As demonstrated, it may be useful as a benchmark for the development of future gait 188 
scoring methods. Other uses, such as evaluating changes in walking ability following 189 
analgesic treatment may provide beneficial information on the role pain or discomfort 190 
plays as walking impairment increases. Assessing the effect of analgesic administration 191 
on walking ability of broiler chickens and turkeys has reported mixed results (Hocking et 192 
al., 1999; McGeown et al., 1999; Corr et al., 2007; Caplen et al., 2013), likely due to a 193 
number of factors such as underlying pathology, drug choice, or dosage. To the author’s 194 
knowledge, no research on this topic has been published with commercially raised Pekin 195 
ducks. The treadmill performance test may also serve as a helpful tool for identifying risk 196 
factors and critical periods for employing intervention strategies, or as a tool for genetic 197 
selection of leg health. However, future evaluation and refinement of the method to 198 
accommodate various ages and strains is needed.  199 
  200 
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Table 2.1  Definition of duck walking ability using a gait scoring system of 0, 0.5, and 1  282 
Gait Score1 Definition 
0 Duck waddles and walks with a smooth gait 
0.5 Duck’s walk is uneven or stiff, but no obvious limp. Unable to 
determine which leg is affected. 
1 Duck is mobile but walks with an obvious limp affecting one or both 
legs 
1Gait scoring system used in selecting ducks for treadmill assessment.  283 




Figure 2.1  View of the treadmill enclosure 286 




Figure 2.2  Mean time spent walking (± SE) by ducks of each gait score. Different 289 




























Figure 2.3  Mean counts of sitting (± SE) per duck by gait score. Different superscripts 293 
indicate significant differences (P < 0.05). 294 




















Figure 2.4  Mean counts of stumbling (± SE) per duck by gait score. Different 297 
superscripts indicate significant differences (P < 0.05). 298 
























Figure 2.5  Mean counts of leaning (± SE) per duck by gait score. Different superscripts 301 
indicate significant differences (P < 0.05). 302 
























Figure 2.6  The relationship between the time spent walking and leaning bouts. The 305 
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CHAPTER 3.! IMPACTS OF MELOXICAM ADMINISTRATION ON THE 308 
WALKING ABILITY OF PEKIN DUCKS 309 
3.1! Abstract 310 
Reduced walking ability in poultry species is an animal welfare concern. Walking 311 
impairments may be associated with pain and reduced ability of affected birds to reach 312 
needed resources. Previous work has shown that Pekin ducks with reduced walking 313 
ability show quantifiable differences in gait structure and walking performance compared 314 
to ducks with no walking impairment. However, alone, these findings do not address 315 
whether impaired gait is associated with the presence of discomfort or pain. Therefore, 316 
the effects of a non-steroidal anti-inflammatory drug on walking performance was 317 
evaluated. Ducks with good walking ability (GS 0) and moderate walking ability (GS 1) 318 
were randomly allocated to a meloxicam (0.5 mg/kg subcutaneous injection), saline, or 319 
handling-only treatment (20 ducks per treatment combination). Ducks were subjected to a 320 
600 s (10 min) treadmill performance test and were assessed based on the amount of time 321 
they were able to walk at a pace of 3.1 m/s. Post-mortem examinations focused on the 322 
incidence of abnormal tibial head growth, osteomyelitis, femoral head necrosis, and poor 323 
footpad quality. Results were analyzed using PROC GLM in SAS 9.4. Comparisons 324 
between treatments were assessed using a Tukey’s multiple comparison test. Overall, GS 325 
1 ducks walked for shorter amounts of time compared to GS 0 ducks (P < 0.0001). No 326 
differences in time spent walking were found between GS 1 ducks receiving meloxicam 327 
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and GS 1 ducks that were handled-only or given a saline injection. Fisher’s exact test did 328 
not find any significant associations between type of pathology and gait score. Needs for 329 
future research on this topic and possible suggestions to improve the treadmill 330 
performance test’s capacity for assessing analgesic effects are presented. 331 
 332 
Key words: gait score, pain, animal welfare, Pekin duck, meloxicam 333 
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3.2! Introduction 334 
Reduced walking ability is a prevalent issue that presents a number of potential 335 
animal welfare concerns for commercially raised Pekin ducks. These concerns include 336 
associated pain or discomfort and a reduced ability of affected birds to reach needed 337 
resources such as food and water. Studies with broiler chickens have reported a decrease 338 
in the amount of time spent walking, standing, and dustbathing as walking ability 339 
worsens, suggesting that the affected birds may be experiencing pain or discomfort 340 
(Vestergaard and Sanotra, 1999; Weeks et al., 2000). Differences in Pekin duck walking 341 
ability have been quantified using kinetic and kinematic measurement of weight, leg 342 
force, and gait structure. Specifically, ducks that walk with an obvious limp or labored 343 
gait demonstrate lowered BW, show differences in pressure exerted by the right and left 344 
legs, and travel shorter distances in the same number of steps (Makagon et al., 2015). 345 
Additionally, ducks with poor walking ability are able to sustain walking at a moderate 346 
pace for a shorter amount of time compared to ducks without impairment (Chapter 2). 347 
However, it is unknown whether these differences in walking ability are associated with 348 
the presence of pain or discomfort. 349 
Non-steroidal anti-inflammatory drugs (NSAIDs) have been used with broilers 350 
(McGeown et al., 1999; Danbury et al., 2000; Corr et al., 2007; Nääs et al., 2009; Caplen 351 
et al., 2013) and turkeys (Hocking et al., 1997; 1999) to assess the presence of discomfort 352 
or pain by evaluating whether walking ability can be improved following analgesic 353 
treatment. The NSAIDs act to reduce the inflammation response associated with 354 
wounded tissue and its associated pain through the inhibition of cyclooxygenase, an 355 
enzyme responsible for converting arachidonic acid to prostaglandins that play a role in 356 
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the inflammatory process (Machin and Livingston, 2002). Studies with broilers showed 357 
improved stride length and velocity following administration of an NSAID (McGeown et 358 
al., 1999; Caplen et al., 2013). Additionally, increased self-selection of feed containing an 359 
NSAID by broilers with poor walking ability supports the notion of a painful condition 360 
resulting in deviation from normal gait (Danbury et al., 2000).  361 
The purpose of this study was to investigate whether Pekin duck walking ability 362 
could be improved following analgesic administration. In chapter 2, I discussed the 363 
treadmill performance test, which was successful in quantifying differences between gait 364 
scores. Specifically, ducks with observable walking impairment walked for shorter 365 
periods of time compared to ducks without walking impairment. Therefore, we 366 
hypothesized that ducks with obvious gait impairment that were treated with meloxicam 367 
(NSAID) would walk for longer periods of time during a treadmill performance test 368 
compared to gait impaired ducks that received a saline injection or handling-only control. 369 
Additionally, we hypothesized that ducks with obvious gait impairment that did not 370 
receive meloxicam treatment (saline or handled) would walk on the treadmill for shorter 371 
periods of time compared to ducks without impairment (all treatments). Following the 372 
treadmill performance tests, post mortem examinations were conducted to investigate 373 
possible underlying pathologies associated with walking ability. 374 
3.3! Materials and Methods 375 
The experimental protocol was approved by Purdue University’s Animal Care and Use 376 
Committee (PACUC #1404001059).  377 
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3.3.1! Facilities 378 
The present study took place over 4 d in February and March 2015. Trials were 379 
conducted in a tunnel ventilated commercial facility in northern Indiana. Ducks were 380 
housed on plastic slatted flooring. Feed and water were provided ad libitum via 381 
automated pan feeders and a nipple drinker system.  382 
3.3.2! Duck Selection and Treatments 383 
One hundred twenty mixed-sex, Y-cross Pekin ducks were selected from 384 
commercial flocks at 30 to 32 d of age using a 2-point gait scoring system modified for 385 
use with Pekin ducks. In total, 60 GS 0 ducks (defined as a duck that waddles and walks 386 
with a smooth gait) and 60 GS 1 ducks (defined as a duck that walks with an obvious 387 
limp in 1 or both legs but is still mobile) were selected. Ducks within their respective gait 388 
score categories were randomly allocated to 1 of 3 treatments for a total of 6 treatments 389 
(n=20) as follows: 1) GS 0 treated with an analgesic injection, 2) GS 0 treated with a 390 
saline injection (control for effect of injection), 3) GS 0 control group that received no 391 
injection (handling only), 4) GS 1 treated with an analgesic injection, 5) GS 1 treated 392 
with a saline injection (control for effect of injection), and 6) GS 1 control group that 393 
received no injection (handling only). Ducks receiving the analgesic treatment were 394 
subcutaneously injected at the base of the neck with meloxicam (Metacam, Boehringer 395 
Ingelheim, Ridgefield, CT), an NSAID, at a dosage of 0.5mg/kg BW (0.25 mL). With no 396 
further information on appropriate dosage for assessing the effects of meloxicam in 397 
ducks, the dosage used was based on Baert and De Backer (2003), who assessed the 398 
pharmacokinetics of meloxicam in ducks, but did not address meloxicam’s effect on 399 
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walking ability. Ducks receiving saline injection received a volume identical to that of the 400 
meloxicam treated birds (0.25 mL).  401 
3.3.3! Treadmill Performance Test 402 
A previously developed treadmill performance test was used to assess walking 403 
ability by measuring the amount of time ducks were able to walk at a moderate pace 404 
(Chapter 2). The treadmill, a Body-Solid T-50 (Body-Solid Inc., Forest Park, IL) 405 
developed for human use, was fitted with a wooden frame built around the walking 406 
surface. The frame was enclosed using plywood on 1 side while plexiglass on the 407 
opposite side and front of the treadmill allowed light to enter the enclosure. The end of 408 
the treadmill remained open. The control panel, detached from the front of the treadmill, 409 
allowed the observer to control the speed during the test without disturbing the bird. A set 410 
of beads hung from the top of the enclosure and were placed approximately 30.5 cm from 411 
the end of the treadmill.  412 
All ducks were individually subjected to the treadmill performance test, which 413 
took place in 5 phases. First, ducks were placed on the treadmill surface and given 30 s to 414 
acclimate while the treadmill was not running. Immediately following the acclimation 415 
period, the treadmill was set to a speed of 0.13m/s for 30 s. During this phase, the 416 
observer was allowed to use his hands and voice as needed to encourage the duck to 417 
walk. The third phase occurred over the next 15 s, when the speed of the treadmill was 418 
increased to 0.22m/s, and was followed by another 15 s phase for which the treadmill was 419 
set to 0.31m/s. During phases 3 and 4, the observer was only allowed to use his voice to 420 
encourage the duck to walk. A speed of 0.31m/s was maintained for the 5th and final 421 
phase. At the beginning of phase 5, the observer moved away from the bird and could no 422 
51 
 
longer use his voice to encourage the duck to walk. The test was terminated when 1 of 3 423 
elimination criteria was achieved: 1) the duck walked for a maximum of 600 s (10 min), 424 
2) the duck fell behind the bead curtain and required support from the observer’s hand for 425 
more than 3 s, or 3) the duck sat down on the treadmill and made no attempt to stand 426 
even with support from the observer’s hand. Ducks receiving a meloxicam or saline 427 
injection were given a 15 min waiting period before they were placed on the treadmill.  428 
A randomized complete block design was used with intervals of 2.5-h serving as 429 
blocks. Two replications of each treatment were conducted within each block. A 2 x 3 430 
factorial arrangement in an ANOVA was performed using PROC GLM in SAS (Version 431 
9.4, SAS Institute, Cary, NC). Time spent walking on the treadmill was used as the 432 
dependent variable with gait score (GS 0, GS 1), treatment (meloxicam, saline, handling), 433 
and their interaction (gait*treatment) included as the independent variables in the model. 434 
Other variables investigated were d of trial and BW. However, neither was found to be 435 
significant on their own nor interact with the other terms in the model, therefore both 436 
were removed from the final model. Comparisons within gait, treatment, and their 437 
interactions were conducted using Tukey’s multiple comparison test (Lawson, 2010). 438 
3.3.4! Post-Mortem Examination 439 
Necropsies were performed following treadmill performance testing. Incidence of 440 
abnormal tibial head growth, osteomyelitis, femoral head necrosis, and poor footpad 441 
quality were recorded. Data were analyzed using a Fishers exact test to evaluate 442 




3.4! Results 445 
3.4.1! Treadmill Performance Test 446 
Gait score was found to be associated with time spent walking (P < 0.0001, Figure 3.1). 447 
On average ,GS 0 ducks (least square mean = 452 s ± 25.3) walked for longer periods of 448 
time than GS 1 ducks (least square mean = 314 s ± 20.8). Treatment and the interaction 449 
of treatment by gait score were not significant for time spent walking. Therefore, no 450 
effect of meloxicam on GS 1 ducks receiving meloxicam was found (P > 0.05)  451 
3.4.2! Post-Mortem Examination 452 
Abnormal tibial head growth, osteomyelitis, femoral head necrosis, and footpad 453 
lesions had overall incidences of 63, 12.5, 1.6 and 13.1%, respectively, but were not 454 
associated with gait score (Tables 3.1).  455 
3.5! Discussion 456 
Increased walking velocity, stride length, and weight bearing following 457 
meloxicam administration in parrots (Cole et al., 2009), pigeons (Desmarchelier et al., 458 
2012), and broilers (Caplen et al., 2013) indicates that analgesic treatment can improve 459 
the walking ability of birds with mild to moderate gait impairments. However, no 460 
evidence of an effect of meloxicam on duck walking performance was found. One 461 
possible explanation may be that the observed walking issues are a result of 462 
biomechanical constraint due to altered conformation and a lack of increased time spent 463 
walking on the treadmill is due to rapid energy loss instead of pain or discomfort. There 464 
is some evidence for this, as Robison et al. (2015) reported an increase in hip angle and 465 
decrease in leg length among Pekin ducks with more severe walking impairment. 466 
However, the presence of pain or discomfort was not evaluated in relation to these 467 
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changes in conformation. Additional evidence comes from studies with broiler chickens. 468 
Corr et al. (2003a; b; c; 2007) found sufficient evidence for altered conformation that 469 
resulted in altered gait but no effect of analgesic administration on walking ability.   470 
It is also likely that the ability of meloxicam to improve walking performance 471 
depends on the type of underlying pathology that is causing reduced walking ability. For 472 
example, Hocking et al. (1999) found no improvement in NSAID treated adult male 473 
turkeys with cartilage loss in the hip joint. The authors noted a lack of evidence for an 474 
inflammatory response, thereby explaining why the NSAID used in the study would not 475 
have had an effect. The GS 1 meloxicam ducks that walked for 600 s may have modified 476 
their gait in response to a pathology that could be mediated by meloxicam treatment. In 477 
contrast, the remaining GS 1 meloxicam ducks (those which typically walked for 478 
approximately 250 s or less) may have had pathologies that the NSAID treatment was not 479 
successful in mitigating. This hypothesis is supported by the GS 1 control groups (saline 480 
and handling) data point distributions (Figure 3.2), where a somewhat distinct area 481 
between approximately 250 and 325 s shows a relative absence of data points. It is 482 
possible that the GS 1 ducks that walked for more than 325 s had underlying pathologies 483 
that could be improved by meloxicam administration; whereas, those ducks walking for 484 
less than 250 s did not. A more in depth post-mortem examination with a larger sample 485 
size should be conducted in future studies, as gross necropsy data collected from birds 486 
subjected to the treadmill performance test did not yield any significant associations with 487 
gait score or treatment.  488 
The prevalence of ducks with abnormal tibial head growth was high for both gait 489 
scores (56.7% vs. 70.0% for GS 0 and GS 1 ducks, respectively). This is not surprising, 490 
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however, as tibial dyschondroplasia (TD), a form of abnormal tibial head growth, is 491 
common in rapidly growing meat-type poultry (Dinev et al., 2012). The incidence of this 492 
pathology was not associated with gait. Studies of broiler mobility have also failed to link 493 
walking ability with TD (McNamee et al., 1998; Garner et al., 2002). One possible 494 
explanation may be that while abnormal tibial head growth is present in both gait scores, 495 
the lesions may not have been extensive enough in GS0 ducks to affect gait by altered 496 
bone structure. McNamee (1998) found no association between reduced walking ability 497 
and TD in broilers, however, the most severe lesions were only found in lame broilers. 498 
Additional pathologies that warrant further investigation are osteomyelitis (present in 499 
12.5% of birds) and foot pad dermatitis (present in 17.5% of birds). In particular, of the 500 
15 birds reported to have osteomyelitis, 11 of them were GS1 ducks. And while the 501 
incidences of foot pad lesions were relatively similar for both gait scores, a closer look at 502 
lesion severity may provide insight into whether gait score is affected by foot pad quality. 503 
To our knowledge, this study is the first to evaluate the association between 504 
reduced walking ability and the effect of analgesic administration for commercially 505 
raised Pekin ducks. Therefore, its findings are important for identifying experimental 506 
elements that should be investigated further before a conclusion on this topic can be 507 
reached. For example, further research is needed regarding optimal analgesic dosages for 508 
Pekin ducks, as dosages used across different avian species vary greatly and should not 509 
be extrapolated from one species to another (Baert and De Backer, 2003). Additionally, 510 
work focused on refining and further validating the treadmill performance test (see 511 
chapter 2) may improve its sensitivity. Removal of the artificial 600 s cut-off could, for 512 
example, result in increasingly pronounced differences between ducks receiving 513 
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meloxicam versus control ducks. Finally, while differences in walking ability were not 514 
found between GS0 and GS1 saline and handling groups, the difference was notable (P < 515 
0.0001) when data was pooled within gait score categories. Although a power analysis 516 
was conducted prior to the study, the relatively small sample sizes between treatment 517 
groups (n=20) may have had an effect on the ability of the analysis to identify differences 518 
between treatment groups. Therefore, a sample size increase would be advantageous for 519 
improved statistical power. 520 
 In conclusion, the present study did not find evidence for improved Pekin duck 521 
walking ability following treatment with meloxicam. This may be due to biomechanical 522 
constraint in the absence of pain. However, a considerable amount of work should be 523 
conducted before conclusions can be made. Pain that is not mitigated by NSAID 524 
administration due to the type of underlying pathology needs to be investigated. A more 525 
thorough investigation of underlying pathology associated with reduced walking ability is 526 
needed. Future work should also focus on evaluating different drugs commonly used for 527 
analgesia and optimal dosages for the species of choice. Finally, the treadmill test 528 
demonstrated its ability to quantify differences in walking ability based on gait score. 529 
However, if the treadmill performance test is to be used to evaluate the effect of analgesic 530 
administration, the removal of the 600 s cut-off point and an increase in sample size may 531 
improve the test’s ability to detect differences between treatments.  532 
  533 
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Table 3.1  Summary of necropsy data. Number of ducks found to have pathologies of interest are presented by gait score only and 628 




























Tibial Dyschondroplasia 34 10 12 12 56.7% 42 12 16 14 70.0% 63% 
Osteomyelitis 4 4 0 0 6.7% 11 5 1 5 18.3% 12.5% 
Femoral head Necrosis 1 1 0 0 1.7% 1 1 0 0 1.7% 1.6% 





Figure 3.1  Average time spent walking (± SE) by gait score. Different superscripts 633 
indicate differences between gait scores (P < 0.05) 634 



























Figure 3.2 Data point distribution by group. Numbers in parentheses at the top of the chart indicate the number of ducks within 
each group that reached a maximum of 600 s. 






































Gait Score 0                                             Gait Score 1
